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ZEOLITE MEMBRANE COMPLEX,
SEPARATION APPARATUS, SEPARATION
METHOD AND METHOD OF PRODUCING

ZEOLITE MEMBRANE COMPLEX

CROSS-REFERENCE TO RELATED
APPLICATION

The present application 1s a continuation application of

International Application No. PCT/JIP2020/046947 filed on
Dec. 16, 2020, which claims priority to International Appli-
cation No. PCT/JP2020/012910 filed on Mar. 24, 2020. The

contents of these applications are incorporated herein by
reference in their entirety.

TECHNICAL FIELD

The present 1vention relates to a zeolite membrane
complex, and a separation technique using the zeolite mem-
brane complex.

BACKGROUND ART

Japanese Patent Application Laid-Open No. 2006-112488

(Document 1), and “Development of System for Recovering
Methane from Biogas Using DDR-type Zeolite Membrane™
by Tomohiro Takemi and other 3 members, the 31st annual
meeting of Niigata conference, Kanto branch of ISCE, 2014,
pp. 484-485 (Document 2) disclose apparatuses for separat-
ing methane from biogas such as digestion gas using DDR-
type zeolite membranes. Since biogas contains hydrogen
sulfide 1n addition to methane and carbon dioxide, the sulfur
compound 1s preliminarily removed from the biogas using
desulfurization equipment 1n Documents 1 and 2.

Japanese Patent Application Laid-Open No. 2014-46267
(Document 3) discloses a method for separating hydrogen
sulfide from a mixed gas containing hydrogen sulfide using
an 8-membered ring zeolite membrane (i.e., a zeolite mem-
brane containing a zeolite structure with 8-membered oxy-
gen rings). Japanese Patent Application Laid-Open No.
2019-171234 (Document 4) discloses a method of recover-
ing the separation performance of a zeolite membrane for
hydrogen sulfide separation, and 1n the method, the zeolite
membrane with reduced separation performance 1s heated at
a temperature between 30° C. and 500° C. under vacuum to
remove the sulfur content from the zeolite.

It 1s conceivable that after long-time use of the zeolite
membrane 1n Document 3, hydrogen sulfide accumulates in
the membrane to thereby decrease the permeance of hydro-
gen sulfide as described 1n Document 2, and the separation
performance of the zeolite membrane 1s reduced. In the case
where a desulfurization equipment for removing hydrogen
sulfide from the mixed gas 1s provided, the cost of separating
hydrogen sulfide increases. When employing the technique
of Document 4 where the separation performance of zeolite
membrane 1s recovered by heating, the cost of separating
hydrogen sulfide increases and the procedures in the sepa-
ration process are complicated. Thus, there 1s a need for a
zeolite membrane that 1s stably permeable to hydrogen
sulfide, even when the concentration of hydrogen sulfide 1s

high.

SUMMARY OF THE INVENTION

The present invention 1s imntended for a zeolite membrane
complex, and it 1s an object of the present mmvention to

10

15

20

25

30

35

40

45

50

55

60

65

2

provide a zeolite membrane complex including a zeolite
membrane that 1s stably permeable to hydrogen sulfide.

The zeolite membrane complex according to the present
invention mcludes a porous support, and a zeolite membrane
provided on the support, the zeolite membrane being com-
posed of an 8-membered ring zeolite. The zeolite membrane
contains protons, and the zeolite membrane 1s selectively
permeable to hydrogen sulfide rather than nitrogen for a gas
containing nitrogen and hydrogen sulfide.

According to the present invention, it 1s possible to
provide a zeolite membrane complex that 1s stably perme-
able to hydrogen sulfide.

Preferably, in temperature-programmed desorption of
ammonia measurement for the zeolite membrane, an amount
of desorbed ammonia in a peak temperature range 1n which
the amount of desorbed ammonia 1s maximum 1s 1 umol/
cm® or more.

Preferably, in the zeolite membrane, a ratio of alkali metal
atoms to oxygen atoms 1s 1 atm % or less.

The present invention 1s also intended for a separation
apparatus. The separation apparatus according to the present
invention includes the above zeolite membrane complex,
and a supply part for supplying a mixed gas containing at
least hydrogen sulfide to the zeolite membrane complex.

Preferably, the mixed gas contains hydrocarbon.

Preferably, a concentration of hydrogen sulfide in the
mixed gas 1s 3 mol % or more.

The present invention 1s also intended for a separation
method. The separation method according to the present
invention includes preparing the above zeolite membrane
complex, and supplying a mixed gas containing at least
hydrogen sulfide to the zeolite membrane complex.

Preferably, the mixed gas contains hydrocarbon.

Preferably, a concentration of hydrogen sulfide 1n the
mixed gas 1s 3 mol % or more.

The present mvention 1s also intended for a method of
producing a zeolite membrane complex. The method of
producing a zeolite membrane complex according to the
present invention mcludes forming a zeolite membrane on a
porous support with use of a starting material solution
containing a structure-directing agent, the zeolite membrane
being composed of an 8-membered ring zeolite, removing
the structure-directing agent from the zeolite membrane, and
immersing the zeolite membrane 1n a treatment solution for
one hour or more to obtain the zeolite membrane which
contains protons and which 1s selectively permeable to
hydrogen sulfide rather than nitrogen for a gas contaiming
nitrogen and hydrogen sulfide, the treatment solution being
alkaline and substantially free of ammonium ions.

Preferably, a pH of the treatment solution 1s 1n the range
of 9.5 to 12.

Preferably, a concentration of alkali metal 1ons in the
treatment solution 1s 0.1 mol/L or less.

Preferably, the treatment solution contains at least one of
silicon and aluminum.

In this case, preferably, a total concentration of silicon and
aluminum atoms 1n the treatment solution 1s 0.001 mol/L or
more, and the total concentration 1s less than the concentra-
tion 1n the starting material solution and 1 mol/LL or less.

These and other objects, features, aspects and advantages
of the present invention will become more apparent from the
tollowing detailed description of the present invention when
taken 1n conjunction with the accompanying drawings.
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BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s a sectional view of a zeolite membrane complex;

FIG. 2 1s a sectional view illustrating part of the zeolite
membrane complex in enlarged dimension;

FIG. 3 1s a flowchart of production of the zeolite mem-
brane complex;

FI1G. 4 1s a diagram 1llustrating a separation apparatus; and

FIG. 5 1s a flowchart of separation of a mixed gas by the
separation apparatus.

DESCRIPTION OF EMBODIMENTS

FIG. 1 1s a sectional view of a zeolite membrane complex
1. FIG. 2 1s a sectional view illustrating part of the zeolite
membrane complex 1 i enlarged dimension. The zeolite
membrane complex 1 includes a porous support 11 and a
zeolite membrane 12 provided on the support 11. The zeolite
membrane 12 refers to at least a zeolite formed into a
membrane on a surface of the support 11, and does not
include zeolite particles that are merely dispersed in an
organic membrane. In FIG. 1, the zeolite membrane 12 is
illustrated with bold lines. In FIG. 2, the zeolite membrane

12 1s indicated by hatching. In FIG. 2, the thickness of the
zeolite membrane 12 1s illustrated thicker than the actual

thickness.

The support 11 1s a porous member permeable to gases
and liquids. In the example 1llustrated in FI1G. 1, the support
11 1s a monolith support obtained by forming a plurality of
through holes 111, each extending 1n a longitudinal direction
(1.e., a left-right direction 1n FIG. 1), 1n an integral columnar
body that 1s molded integrally. In the example 1llustrated in
FIG. 1, the support 11 has a substantially circular columnar
shape. Each through hole 111 (1.e., cell) has, for example, a

substantially circular section perpendicular to the longitu-
dinal direction. In FIG. 1, the through holes 111 are 1llus-

trated as having a greater diameter than the actual diameter,
and a smaller number of through holes 111 than the actual
number. The zeolite membrane 12 1s formed on the inner
surfaces of the through holes 111 and covers substantially
the entire inner surfaces of the through holes 111.

The support 11 has a length (i.e., length 1n the left-right
direction 1n FIG. 1) of, for example, 10 cm to 200 cm. The
support 11 has an outer diameter of, for example, 0.5 cm to
30 cm. The distance between the central axes of each pair of
adjacent through holes 111 1s, for example, in the range of
0.3 mm to 10 mm. The surface roughness (Ra) of the support
11 1s, for example, in the range of 0.1 um to 5.0 um and
preferably 1n the range of 0.2 um to 2.0 um. Alternatively,
the support 11 may have a different shape such as a honey-
comb shape, a flat plate shape, a tubular shape, a circular
cylindrical shape, a circular columnar shape, or a polygonal
prism shape. When having a tubular shape or a circular
cylindrical shape, the support 11 has a thickness of, for
example, 0.1 mm to 10 mm.

Various substances (e.g., a ceramic or a metal) may be
employed as the material for the support 11 as long as they
have chemical stability 1n the step of forming the zeolite
membrane 12 on the surface. In the present embodiment, the
support 11 1s formed of a ceramic sintered compact.
Examples of the ceramic sintered compact to be selected as
the material for the support 11 include alumina, silica,
mullite, zircoma, titania, yttria, silicon nitride, and silicon
carbide. In the present embodiment, the support 11 contains
at least one of alumina, silica, and mullite.

10

15

20

25

30

35

40

45

50

55

60

65

4

The support 11 may contain an inorganic binder. The
inorganic binder may be at least one of titania, mullite, easily
sinterable alumina, silica, glass irit, clay minerals, and easily
sinterable cordierite.

The support 11 has a mean pore diameter of, for example,
0.01 um to 70 um and preferably 0.05 uym to 25 um. A
portion of the support 11 that 1s located 1n the vicimity of the
surtace where the zeolite membrane 12 1s formed has a mean
pore diameter of 0.01 um to 1 um, and preferably 0.05 um
to 0.5 um. As to a pore size distribution of the support 11 as
a whole including the surface and inside of the support 11,
D35 1s, for example, 1n the range of 0.01 um to 50 um, D50
1s, for example, 1n the range of 0.05 um to 70 um, and D95
1s, for example, 1n the range of 0.1 um to 2000 um. The
portion of the support 11 that 1s located in the vicinity of the
surface where the zeolite membrane 12 1s formed has a
porosity of, for example, 20% to 60%.

The support 11 has, for example, a multilayer structure 1n
which a plurality of layers having different mean pore
diameters are laminated one above another in the thickness
direction. The mean pore diameter and sintered particle
diameter of a surface layer that includes the surface where
the zeolite membrane 12 1s formed are smaller than mean
pore diameters and sintered particle diameters of other
layers different from the surface layer. The surface layer of
the support 11 has a mean pore diameter of, for example,
0.01 um to 1 um, and preferably 0.05 um to 0.5 um. When
the support 11 has a multilayer structure, the material for
cach layer may be any of the materials described above. The
materials for the plurality of layers, which form the multi-
layer structure, may be the same material, or may be
different matenials.

The zeolite membrane 12 1s a porous membrane having
micropores. The zeolite membrane 12 can be used as a
separation membrane to separate a specific substance from
a mixed substance containing a plurality of types of sub-
stances by using molecular sieving function. The zeolite
membrane 12 1s less permeable to other substances than to
the specific substance. In other words, the amount by which
the other substances permeate through the zeolite membrane
12 1s smaller than the amount by which the atorementioned
specific substance permeates through the zeolite membrane
12. As described later, the zeolite membrane 12 1s selectively
permeable to hydrogen sulfide (H,S) rather than nitrogen
(N,) for a gas containing nitrogen and hydrogen sulfide.

The zeolite membrane 12 has a thickness of, for example,
0.05 um to 30 um, preferably 0.1 um to 20 um, and more
preferably 0.5 um to 10 um. Separation performance
improves as the thickness of the zeolite membrane 12
increases. The permeance increases as the thickness of the
zeolite membrane 12 decreases. The surface roughness (Ra)
of the zeolite membrane 12 1s, for example, 5 um or less,
preferably 2 um or less, more preferably 1 um or less, and
yet more preferably 0.5 um or less.

The maximum number of membered rings of the zeolite
constituting the zeolite membrane 12 1s 8. In other words,
the zeolite membrane 12 1s an 8-membered ring zeolite
membrane composed of an 8-membered ring zeolite where
the maximum number of membered rings 1s 8. The zeolite
membrane 12 typically consists only of an 8-membered ring
zeolite, but depending on the producing method or the like,
a small amount (e.g., 1 mass % or less) of substances other
than the 8-membered ring zeolite may be contained 1n the
zeolite membrane 12.

The type of the zeolite constituting the zeolite membrane
12, 1s not particularly limited as long as 1t 1s an 8-membered
ring zeolite, and the zeolite may, for example, be any of the
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followings: AEI-type, AFN-type, AFV-type, AFX-type,
CHA-type, DDR-type, ERI-type, ElL-type, GIS-type,
IHW-type, LEV-type, LTA-type, LTJ-type, RHO-type, and
SAT-type. More preferably, the zeolite may, for example, be
any of the followings: AEI-type, AFN-type, AFV-type,
AFX-type, CHA-type, DDR-type, ERI-type, ETL-type,
GIS-type, LEV-type, RHO-type, and SAT-type. The zeolite
membrane 12 1s composed of, for example, a DDR-type
zeolite. In other words, the zeolite membrane 12 1s a zeolite
membrane composed of a zeolite having a framework type
code “DDR” assigned by the International Zeolite Associa-
tion.

In the present embodiment, the mean pore diameter of the
zeolite 1s an arithmetic mean of the major and minor axes of
8-membered ring pore. The 8-membered ring pore refers to
a micropore in which eight oxygen atoms exist in a portion
where oxygen atoms and T atoms described later are bonded
together to form a ring structure. I1 the zeolite has a plurality
of types of 8-membered ring pores, the mean pore diameter
of the zeolite 1s an arnthmetic mean of the major and minor
axes of all types of 8-membered ring pores. In this way, the
mean pore diameter of the zeolite membrane 1s uniquely
determined by the framework structure of the zeolite and
obtained from the values presented 1 the “Database of
Zeolite Structures” [online] by the International Zeolite
Association on the Internet (URL:http://www.1za-structure-
.org/databases/).

The mean pore diameter of the zeolite membrane 12 1s,
for example, greater than or equal to 0.2 nm and less than or
equal to 0.5 nm, preferably greater than or equal to 0.3 nm
and less than or equal to 0.5 nm. The mean pore diameter of
the zeolite membrane 12 1s smaller than the mean pore
diameter of the portion of the support 11 which 1s located 1n
the vicimity of the surface where the zeolite membrane 12 1s
formed. In the case where the zeolite membrane 12 1is
composed ol a DDR-type zeolite, the zeolite constituting the
zeolite membrane 12 has an intrinsic pore diameter of 0.36
nmx0.44 nm and a mean pore diameter of 0.40 nm.

The zeolite membrane 12 contains, for example, silicon
(S1). For example, the zeolite membrane 12 may contain any
two or more of Si1, aluminum (Al), and phosphorus (P). In
this case, the zeolite constituting the zeolite membrane 12
may, for example, be a zeolite 1n which atoms (1 atoms)
cach located 1n the center of an oxygen tetrahedron (TO,) of
zeolite are composed of only S1 or S1 and Al; an AIPO-type
zeolite 1n which T atoms are composed of Al and P; an
SAPO-type zeolite 1n which T atoms are composed of S1, Al,
and P; an MAPSO-type zeolite mn which T atoms are
composed of magnesium (Mg), S1, Al, and P; or a ZnAPSO-
type zeolite in which T atoms are composed of zinc (Zn), S1,
Al, and P. Some of the T atoms may be replaced by other
clements.

When the zeolite membrane 12 contains S1 atoms and Al
atoms, the S1/Al ratio 1n the zeolite membrane 12 1s, for
example, one or more and a hundred thousand or less. The
S1/Al ratio 1s preferably 5 or more, more preferably 20 or
more, and yet more preferably 100 or more, and 1s preferably
as high as possible. The Si1/Al ratio 1n the zeolite membrane
12 may be adjusted by, for example, adjusting the compo-
sition ratio of S1 source and Al source 1n a starting material
solution described later. When the zeolite membrane 12
contains Al atoms and P atoms, the P/Al ratio in the zeolite
membrane 12 1s preferably 0.7 or more and 1.5 or less. The
P/Al ratio 1 the zeolite membrane 12 may be adjusted by,
for example, adjusting the composition ratio of P source and
Al source 1n a starting material solution described later.
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Preferably, the zeolite constituting the zeolite membrane
12 substantially contains no P as T atoms. In other words, it
1s preferable that the zeolite should substantially contain no
P as framework elements. This makes it possible to increase
the heat resistance of the zeolite membrane 12. Note that
“substantially contain no P as framework elements” means
that the percentage of P 1n all T atoms 1s 3 mol % or less.

The zeolite membrane 12 may contain a small amount of
alkali metal. The alkali metal 1s, for example, sodium (Na)
or potassium (K). The smaller the ratio of alkali metal atoms
to oxygen atoms, the better the zeolite membrane 12. For
example, the ratio 1s 1 atm % or less. The ratio 1s preferably
0.7 atm % or less, and more preferably 0.5 atm % or less.
The ratio of alkal1 metal atoms (including alkali metal 10ns)
to oxygen atoms 1s the atomic percentage obtained by (the
number of alkali metal atoms)/(the number of oxygen
atoms). For example, 1t can be measured by X-ray photo-
clectron spectroscopy (XPS). The measurement of compo-
sition of the zeolite membrane 12 by XPS may be performed
alter etching the membrane surface with argon by about 1
nm to eliminate the mfluence of surface contamination. IT
the zeolite membrane 12 contains a plurality of types of
alkali metals, the above ratio 1s the ratio of the sum of the
plurality of types of alkali metal atoms to oxygen atoms.

The zeolite membrane 12 may contain a small amount of
a structure-directing agent (hereinafter, also referred to as an
“SDA”). That 1s, the zeolite constituting the zeolite mem-
brane 12 may contain SDA. SDA 1s utilized in the formation
of zeolite membrane 12. As described later, the preferred
zeolite membrane 12 contains little SDA.

The zeolite membrane 12 contains protons. When per-
forming temperature-programmed desorption of ammonia
measurement for the preferred zeolite membrane 12, an
amount of desorbed ammomnia 1n a peak temperature range 1s
1 umol/cm” or more. The higher the proton concentration in
the zeolite membrane 12, the higher the amount of desorbed
ammonia in the peak temperature range 1n the temperature-
programmed desorption of ammonia measurement. In the
temperature-programmed desorption of ammonia measure-
ment, ammonia 1s adsorbed 1n a cut piece of the zeolite
membrane complex 1 which 1s cut into a predetermined size,
the cut piece 1s subjected to steam treatment, and then the
amount of ammomnia desorbed at each temperature 1s mea-
sured while the zeolite membrane 12 1s heated at 10° C./mun.
The steam treatment removes ammonia other than ammonia
adsorbed to protons. The amount of desorbed ammonia 1n
the peak temperature range described above 1s the amount of
desorbed ammomnia integrated over a range extending 50° C.
at each side of the peak temperature (a width of 100° C.), the
peak temperature being obtained as a temperature at which
the amount of desorbed ammonia becomes maximum within
the range of 300-350° C. The volume of the zeolite mem-
brane 12 used for the temperature-programmed desorption
of ammoma measurement 1s obtained by the product of the
thickness of the zeolite membrane 12 (thickness of the
zeolite membrane on the surface of the support 11) deter-
mined by an electron microscopy (SEM) or the like, and the
area ol the zeolite membrane 12 contained 1n the cut piece
of the zeolite membrane complex 1. The amount of desorbed
ammonia 1n the peak temperature range 1s preferably 1.5
umol/cm” or more, and more preferably 2 umol/cm” or more
or more. The upper limit of desorbed ammonia in the peak
temperature range 1s not limited, but 1s, for example, 100
umol/cm”.

The zeolite membrane 12 i1s selectively permeable to
hydrogen sulfide rather than nitrogen for a gas containing
nitrogen and hydrogen sulfide at a molar ratio of 1:1
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(hereinafter, referred to as an “evaluation gas™). In other
words, 1n the evaluation gas, the amount (the number of
molecules) of hydrogen sulfide permeating through the
zeolite membrane 12 1s greater than the amount of mitrogen
permeating through the zeolite membrane 12. Specifically,
the evaluation gas at a temperature of 25° C. 1s supplied to
the zeolite membrane 12 at a pressure of 0.9 MPa. For the
permeate gas that permeates through the zeolite membrane
12 and tflows out (at a pressure of about 0.1 MPa), the tlow
rate 1s measured by a mass flow meter and the composition
1s measured by gas chromatography. Then, on the basis of
the flow rate and composition of the permeate gas, the
permeance of each of hydrogen sulfide and nitrogen per unit
membrane area and unit pressure difference 1s calculated. IT
the ratio of hydrogen sulfide permeance to nitrogen per-
meance (1.e., (hydrogen sulfide permeance)/(nitrogen per-
meance)) 1s greater than 1, it can be said that the zeolite
membrane 12 1s selectively permeable to hydrogen sulfide
rather than nitrogen. The above zeolite membrane 12 1s
stably permeable to hydrogen sulfide for a mixed gas, such
as biogas, containing hydrogen sulfide (hereinatfter, the
mixed gas 1s referred to as a “gas to be separated”). The
reasons for this are not clear, but may be inferred as follows.

Since the molecular diameters of mitrogen and hydrogen
sulfide are almost the same, the pore size of the zeolite
membrane alone 1s not suflicient for the selective permeation
of one from the evaluation gas. Hydrogen sulfide 1s difficult
to permeate through the zeolite membrane because 1t tends
to stay and accumulate 1n the pores of the zeolite. Therefore,
ordinary 8-membered ring zeolite membranes tend to be
selectively permeable to nitrogen rather than hydrogen sul-
fide for the evaluation gas containing nitrogen and hydrogen
sulfide. On the other hand, in the above zeolite membrane 12
which 1s selectively permeable to hydrogen sulfide rather
than nitrogen for the evaluation gas, hydrogen sulfide 1s
thought to permeate through the zeolite pores without stay-
ing in them, and the pores are unlikely to be clogged by
hydrogen sulfide. Therefore, stable permeation of hydrogen
sulfide can be achieved for the gas to be separated. As a
result, 1t 1s possible to suppress the reduction of the sepa-
ration performance of hydrogen sulfide in the long-time use
of the zeolite membrane complex 1 in the separation appa-
ratus 2 (see FIG. 4) described later.

The zeolite membrane 12 that 1s selectively permeable to
hydrogen sulfide rather than mitrogen for the evaluation gas
1s obtained, for example, by increasing the proton concen-
tration 1n the membrane above a certain level. This 1s
thought to be because protons do not inhibit the permeation
of hydrogen sulfide while interacting moderately with
hydrogen sulfide. The previously described temperature-
programmed desorption of ammonia measurement can be
used to evaluate the proton concentration in the zeolite
membrane 12. If the amount of desorbed ammonia in the
peak temperature range is, for example, 1 umol/cm” or more,
the proton concentration in the membrane 1s somewhat
higher, resulting in the zeolite membrane 12 that 1s selec-
tively permeable to hydrogen sulfide rather than nitrogen. I
the amount of desorbed ammonia in the peak temperature
range is, for example, 100 pmol/cm” or less, the proton
concentration 1n the membrane 1s not too high, resulting 1n
the zeolite membrane 12 with a high permeance of hydrogen
sulfide.

Furthermore, 1in the zeolite membrane 12, the ratio of
alkali metal atoms to oxygen atoms in the membrane 1is
preferably 1 atm % or less. This 1s thought to be because
alkal1 metal 10ns strongly interact with hydrogen sulfide, and
an excess of alkali metal 10ons 1n the membrane inhibits the
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permeation of hydrogen sulfide. In other words, 11 there are
tewer alkali metal 10ns, the inhibition of the permeation of
hydrogen sulfide 1s suppressed.

Next, an example of the procedure for producing the
zeolite membrane complex 1 will be described with refer-
ence to FIG. 3. The production of the zeolite membrane
complex 1 in FIG. 3 1s also the production of the zeolite
membrane 12. In the production of the zeolite membrane
complex 1, first, seed crystals for use 1n the formation of the
zeolite membrane 12 are prepared (step S11). In an example
of forming a DDR-type zeolite membrane 12, the seed
crystals are, for example, acquired from DDR-type zeolite
powder generated by hydrothermal synthesis. This zeolite
powder may be used as-1s as seed crystals, or may be
processed 1nto seed crystals by, for example, pulverization.

Then, the porous support 11 1s immersed 1n a dispersion
liquid 1n which the seed crystals are dispersed, so that the
seed crystals are deposited on the support 11 (step S12).
Alternatively, a dispersion liquid 1n which the seed crystals
are dispersed may be brought into contact with a portion of
the support 11 on which the zeolite membrane 12 1s desired
to be formed, so that the seed crystals are deposited on the
support 11. In this way, a seed-crystal-deposited support 1s
prepared. The seed crystals may be deposited by other
methods on the support 11.

The support 11 with the seed crystals deposited thereon 1s
immersed 1n a starting material solution. The starting mate-
rial solution 1s prepared by, for example, dissolving or
dispersing starting materials of the zeolite membrane 12,
SDA, and the like 1n a solvent. In an example of forming a
DDR-type zeolite membrane 12, the starting material solu-
tion contains S1 source, SDA, and water as the solvent. The
starting material solution may contain other starting mate-
rials such as Al source, and the composition of the DDR-
type zeolite membrane 12 can be adjusted by, for example,
adjusting the composition ratio in the starting material
solution. The solvent 1n the starting material solution may,
for example, be a water-insoluble solvent or water-soluble
solvent such as alcohol. The SDA contained in the starting,
material solution may, for example, be an organic substance
(organic SDA). As the SDA, for example, 1-adamantan-
amine or ethylenediamine may be used.

Then, zeolite 1s grown by hydrothermal synthesis from
the seed crystals on the support 11 as nuclei, to form a zeolite
membrane 12 composed of an 8-membered ring zeolite on
the support 11 (step S13). The temperature of the hydro-
thermal synthesis 1s, for example, 1n the range of 110 to 200°
C. The hydrothermal synthesis time 1s, for example, 1n the
range of 5 to 100 hours.

After the hydrothermal synthesis 1s completed, the sup-
port 11 and the zeolite membrane 12 are rinsed with pure
water. After the rinsing, the support 11 and the zeolite
membrane 12 are dried at, for example, 100° C. After the
support 11 and the zeolite membrane 12 are dried, the zeolite
membrane 12 1s subjected to heat treatment 1n an oxidizing
gas atmosphere, to thereby burn and remove the SDA 1n the
zeolite membrane 12 (step S14). This allows micropores 1n
the zeolite membrane 12 to come through the membrane.
Preferably, the SDA 1s removed substantially completely.
The heating temperature at the time of the removal of the
SDA 1s, for example, i the range of 400 to 1000° C.,
preferably 1n the range of 400 to 900° C., and more prefer-
ably 1n the range of 450 to 800° C. The heating time 1s, for
example, 1n the range of 10 to 200 hours. The oxidizing gas
atmosphere 1s an atmosphere containing oxygen, €.g., in the
air.




US 12,303,342 B2

9

An alkal1 source 1s then dissolved in water to prepare an
alkaline treatment solution. As the alkali source, {for
example, organic amine or quaternary ammonium hydroxide
can be used. The pH of the alkaline treatment solution 1s, for
example, 1n the range of 9.5 to 12, preferably 1n the range of
10 to 12, and more preferably in the range of 10to 11.5. With
use of the alkaline treatment solution, removal of alkali
metal as described later can be performed more effectively.

The alkaline treatment solution 1s substantially free of
ammonium ions (NH,"). If the treatment solution contains
ammonium 1ons, the permeance of the zeolite membrane 12
may decrease because ammomum 1ons penetrate mnto the
pores of the zeolite of the zeolite membrane 12. To com-
pletely remove ammonium 1ons from the zeolite membrane
12, heating at a temperature higher than 500° C. (e.g., 600°
C.) 1s required, and thermal damage (e.g., defects) may
reduce the separation performance of the zeolite membrane
12. Theretfore, alkali sources that produce ammonium 10ns,
such as ammonia, are not suitable. The expression that the
alkaline treatment solution 1s substantially free of ammo-
nium ions means that the concentration of ammonium ions
in the alkaline treatment solution 1s 1 umol/L or less. The
alforementioned ammonium 1ons do not include organic
ammonium 1ons. This 1s because organic ammonium 101S
are large 1 size and have difliculty penetrating into the
zeolite pores.

For the removal of alkali metals from zeolite powder, an
aqueous solution of i1norganic ammomum salt such as
ammonium nitrate or ammonium chloride 1s used as a
treatment solution. However, because the inorganic ammo-
nium salt solution 1s acidic or neutral, unlike the case of
zeolite powder, 1t 1s diflicult to effectively remove alkali
metals from the zeolite membrane 12. In addition, since the
inorganic ammonium salt solution contains ammonium 101ns,
the ammonium 1ons penetrate into the pores of the zeolite
membrane 12 when the inorganic ammonium salt solution 1s
used as a treatment solution, as described above. As a result,
the amount of desorbed ammonia cannot become 1 umol/
cm® or more in the temperature-programmed desorption of
ammonia measurement described later.

The alkaline treatment solution may contain alkali metals
as impurities. The amount of the alkali metals contained 1n
the alkaline treatment solution i1s preferably small. The
concentration of alkali metal 1ons 1n the alkaline treatment
solution 1s preferably 0.1 mol/L or less, and more preferably
0.05 mol/L or less. The concentration of alkali metal 1ons
can be determined, for example, by inductively coupled
plasma (ICP) emission spectrometry. If the alkaline treat-
ment solution contains a plurality of types of alkali metal
10ons, the above concentration of alkali metal 1ons 1s the total
concentration of the plurality of types of alkali metal 10ns.

After the alkaline treatment solution i1s prepared, the
support 11 and the zeolite membrane 12 are immersed 1n a
suflicient amount of the alkaline treatment solution for one
hour or more (step S15). By immersion i the alkaline
treatment solution containing, for example, 1-adamantan-
amine or the like for one hour or more, the alkali metal 10ns
in the zeolite membrane 12 are slowly replaced with hydro-
nium 1ons, and the alkali metals are removed from the
zeolite membrane 12. In other words, an immersion time of
less than one hour may not be suflicient to remove alkali
metals from the zeolite membrane 12. In the method of
applying the alkaline treatment solution to the surface of the
zeolite membrane 12 instead of the immersion, a suflicient
amount of the alkaline treatment solution cannot be brought
into contact with the zeolite membrane 12, which may result
in isuilicient removal of alkali metals. The immersion time
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1s, for example, 1n the range of 1 to 100 hours, preferably 1n
the range of 2 to 50 hours. The alkaline treatment solution
1s preferably heated, which promotes the replacement of
alkali metal 1ons with hydronium 1ons. The heating tem-
perature 1s, for example, 1n the range of 60 to 250° C., and
preferably 1n the range of 80 to 200° C.

In order to reduce dissolution of the zeolite 1n the zeolite
membrane 12 during treatment with the alkaline treatment
solution (alkali treatment), the alkaline treatment solution
preferably contains at least one of silicon and aluminum, or
both silicon and aluminum. The total concentration of sili-
con and aluminum atoms in the alkaline treatment solution
(when only one of silicon and aluminum i1s contained, i1t 1s
the atomic concentration of the one; hereinafter the same
applies) 1s, for example, 0.001 mol/LL or more, preferably
0.002 mol/LL or more, and more preferably 0.005 mol/LL or
more. In order to suppress the reduction of the permeance of
the zeolite membrane 12, the total concentration of silicon
and aluminum atoms 1n the alkaline treatment solution 1is
preferably less than the concentration (i.e., the total concen-
tration of silicon and aluminum atoms) i1n the starting
material solution used to synthesize the zeolite membrane 12
and 1 mol/L or less.

The support 11 and the zeolite membrane 12 are then
rinsed with pure water. After the rinsing, the support 11 and
the zeolite membrane 12 are dried at, for example, 100° C.
After the support 11 and the zeolite membrane 12 are dried,
the zeolite membrane 12 1s subjected to heat treatment 1n air
(Step S16). This removes adsorbed water and other sub-
stances 1n the zeolite membrane 12, and the hydronium 1ons
are converted to protons. The heating temperature i1s, for
example, 1n the range of 300 to 300° C., and preferably 1n
the range of 350 to 500° C. The heating time 1s, for example,
in the range of 10 to 100 hours, and preferably 1n the range
of 15 to 50 hours. Through the above-described processing,
the zeolite membrane 12 which 1s selectively permeable to
hydrogen sulfide rather than mitrogen for the evaluation gas
containing mitrogen and hydrogen sulfide 1s obtained, and
the zeolite membrane complex 1 1s completed.

In the above alkali treatment, the zeolite membrane 12 1s
immersed in the alkaline treatment solution together with the
support 11. Alternatively, for example, the method of pour-
ing and holding the alkaline treatment solution only 1n the
through holes 111 to bring the alkaline treatment solution
into contact with the zeolite membrane 12 can also be used
as an immmersion method. Thus, 1n alkali treatment, the
zeolite membrane 12 may be immersed in the alkaline
treatment solution by various methods.

As described above, the zeolite membrane complex 1
includes the zeolite membrane 12 composed of an 8-mem-
bered ring zeolite, and the zeolite membrane 12 1s selec-
tively permeable to hydrogen sulfide rather than nitrogen for
the evaluation gas containing nitrogen and hydrogen sulfide.
It 1s therefore possible to provide the zeolite membrane
complex 1 that 1s stably permeable to hydrogen sulfide. As
a result, hydrogen sulfide 1s prevented from accumulating 1n
the zeolite membrane 12 in the separation of hydrogen
sulfide from the gas to be separated, and the zeolite mem-
brane complex 1 can be used stably (over a long time) for the
separation of hydrogen sulfide.

In temperature-programmed desorption of ammonia mea-
surement for the zeolite membrane 12, an amount of des-
orbed ammonia 1n a peak temperature range in which the
amount of desorbed ammonia is maximum is 1 pmol/cm’ or
more. This makes it possible to reliably achieve the selective
permeation of hydrogen sulfide by the zeolite membrane 12.
Additionally, 1n the case where the ratio of alkali metal
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atoms to oxygen atoms in the zeolite membrane 12 1s 1
atm % or less, it 1s possible to reliably achieve the selective

permeation of hydrogen sulfide.

In the production of the zeolite membrane complex 1, the
zeolite membrane 12 composed of an 8-membered ring
zeolite 1s formed on the support 11 with use of a starting
material solution containing an SDA. Subsequently, the
SDA 1s removed from the zeolite membrane 12. The zeolite
membrane 12 1s then immersed in an alkaline treatment
solution to obtain the zeolite membrane 12 which 1s selec-
tively permeable to hydrogen sulfide rather than mitrogen for
the evaluation gas containing nitrogen and hydrogen sulfide.
Thus, the zeolite membrane complex 1 can be produced
casily.

The pH of the alkaline treatment solution 1s 1n the range
of 9.5 to 12, and therefore the zeolite membrane 12 which
1s selectively permeable to hydrogen sulfide can be produced
reliably. The concentration of alkali metal 10ons 1n the alka-
line treatment solution 1s 0.1 mol/L or less. This makes 1t
possible to reliably reduce alkali metal atoms contained in
the zeolite membrane 12.

The alkaline treatment solution contains at least one of
silicon and aluminum, which prevents the zeolite membrane
12 from dissolving in the alkali treatment. The total con-
centration of silicon and aluminum atoms in the alkaline
treatment solution 1s 0.001 mol/LL or more. This reliably
prevents the zeolite membrane 12 from dissolving. The total
concentration of silicon and aluminum atoms in the alkaline
treatment solution 1s less than the relevant concentration in
the starting material solution used to synthesize the zeolite
membrane 12 and 1 mol/L or less. This prevents the per-
meance of the zeolite membrane 12 from being reduced.

Next, an example of producing the zeolite membrane
complex 1 will be described.

Example 1

First, DDR-type zeolite powder obtained by hydrothermal
synthesis was prepared as seed crystals, and the seed crystals
were deposited on the inside of each through hole by
bringing the support into contact with a solution where the
seed crystals were put into pure water at a predetermined
mixing ratio. The mixing ratio was, for example, 1n the range
of 0.001 mass % to 0.36 mass %.

Next, 1-adamantanamine (manufactured by Sigma-Al-
drich Co. LLC) as SDA, sodium hydroxide (manufactured
by Sigma-Aldrich Co. LLC), 30 mass % colloidal silica
(manufactured by Nissan Chemical Corporation: Snowtex
S), and sodium aluminate (manufactured by Wako Pure
Chemical Industries, Ltd.) were added to pure water (e.g.,
ion-exchanged water) and mixed, to prepare a starting
material solution for a zeolite membrane. The weights of
l-adamantanamine, sodium hydroxide, colloidal silica,
sodium aluminate, and pure water at the time of preparing
the starting material solution were 1.32 g, 0.35 g, 52.6 g,
0.36 g, and 152.4 g, respectively.

After preparing the starting material solution, the support
on which the seed crystals were deposited was immersed 1n
the starting material solution and hydrothermally synthe-
s1ized at 160° C. for 48 hours, to form a DDR-type zeolite
membrane on the support. Then, the support on which the
zeolite membrane was formed was thoroughly rinsed with
pure water and completely dried at 100° C. Next, the support
on which the zeolite membrane was formed was heated 1n
the air at 450° C. for 350 hours so as to burn and remove the
SDA, to cause pores 1n the zeolite membrane to come
through the membrane.
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Next, 0.31 g of 1-adamantanamine was dissolved 1in 207
g of pure water, to prepare an alkaline treatment solution.
The pH of the prepared alkaline treatment solution was 11.
The support on which the zeolite membrane was formed was
immersed 1n the alkaline treatment solution, and the zeolite
membrane was alkali-treated by heating at 130° C. for 24
hours. Then, the support on which the alkali-treated zeolite
membrane was formed was thoroughly rinsed with pure
water and completely dried at 100° C. Next, the support on
which the alkali-treated zeolite membrane was formed was
heated 1n the air at 450° C. for 50 hours, to obtain the zeolite
membrane complex.

A (hydrogen sulfide)/(nitrogen) separation test was con-
ducted on the zeolite membrane complex of Example 1
using a mixed gas of hydrogen sulfide and nitrogen (1:1
molar ratio), and using a separation apparatus 2 described
later. The feed pressure of the mixed gas was 0.9 MPa, the
permeate pressure was 0.1 MPa, and the temperature was
25° C. As a result, (hydrogen sulfide permeance)/(nitrogen
permeance) was 1.2. Thus, the zeolite membrane complex of
Example 1 was found to be a membrane that was selectively
permeable to hydrogen sulfide rather than nitrogen.

The temperature-programmed desorption of ammonia
measurement was conducted on the zeolite membrane com-
plex of Example 1, and the amount of desorbed ammoma in
the peak temperature range was 1 umol/cm” or more. The
XPS measurement showed that the ratio of alkali metal

atoms to oxygen atoms in the zeolite membrane was 1 atm
% or less.

Comparative Example 1

The production of zeolite membrane complex of Com-
parative Example 1 was similar to that in Example 1, except
that the operations of the alkal1 treatment and the subsequent
were not performed.

The (hydrogen sulfide)/(nitrogen) separation test was con-
ducted on the zeolite membrane complex of Comparative
Example 1 in the same manner as i Example 1, and
(hydrogen sulfide permeance)/(nitrogen permeance) was
0.3. Thus, the zeolite membrane complex of Comparative
Example 1 was found to be a membrane that was selectively
permeable to nitrogen rather than hydrogen sulfide.

The temperature-programmed desorption of ammonia
measurement was conducted on the zeolite membrane com-
plex of Comparative Example 1, and the amount of desorbed
ammonia in the peak temperature range was less than 1
umol/cm”. The XPS measurement showed that the ratio of
alkali metal atoms to oxygen atoms 1n the zeolite membrane
was greater than 1 atm %.

Comparative Example 2

The production of zeolite membrane complex of Com-
parative Example 2 was similar to that in Example 1, except
that an aqueous solution obtained by dissolving 0.17 g of
ammonium nitrate in 207 g of pure water was used 1nstead
of the alkaline treatment solution. The pH of the prepared
ammonium nitrate solution was 3.6.

The (hydrogen sulfide)/(nitrogen) separation test was con-
ducted on the zeolite membrane complex of Comparative
Example 2 1 the same manner as in Example 1, and
(hydrogen sulfide permeance)/(nitrogen permeance) was
0.5. Thus, the zeolite membrane complex of Comparative
Example 2 was found to be a membrane that was selectively
permeable to nitrogen rather than hydrogen sulfide.
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The temperature-programmed desorption of ammomnia
measurement was conducted on the zeolite membrane com-
plex of Comparative Example 2, and the amount of desorbed
ammonia in the peak temperature range was less than 1
umol/cm’. The XPS measurement showed that the ratio of
alkal1 metal atoms to oxygen atoms 1n the zeolite membrane
was greater than 1 atm %.

Next, separation of a mixed gas (1.¢., gas to be separated)
using the zeolite membrane complex 1 will be described
with reference to FIGS. 4 and 5. FIG. 4 1s a diagram
illustrating a separation apparatus 2. FIG. 5 1s a flowchart of
the separation of the mixed gas performed by the separation
apparatus 2.

In the separation apparatus 2, a mixed gas containing a
plurality of types of gases 1s supplied to the zeolite mem-
brane complex 1, a gas with high permeability 1n the mixed
gas permeates through the zeolite membrane complex 1 and
that gas 1s separated from the mixed gas. The separation
apparatus 2 1s a gas separation apparatus. Separation using
the separation apparatus 2 may be performed, for example,
in order to extract a gas with high permeability from a mixed
gas, or 1n order to concentrate a gas with low permeability.

As previously described, a typical example of a gas with
high permeability in the zeolite membrane complex 1 1s
hydrogen sulfide (H,S). The mixed gas, which 1s the gas to
be separated, contains at least hydrogen sulfide. The con-
centration of hydrogen sulfide in the mixed gas may be
relatively high, for example, 3 mol % or more. The concen-
tration of hydrogen sulfide 1n the mixed gas may be even
higher (10 mol % or more), but, for example, 50 mol % or
less. The concentration of hydrogen sulfide 1n the mixed gas
can be measured, for example, by a commercially available
hydrogen sulfide densitometer. The mixed gas may further
contain other gases with high permeability.

In the zeolite membrane complex 1, gases with low
permeability are not limited. One preferred example of gases
with low permeability 1s hydrocarbons. In other words, the
preferred mixed gas further contains hydrocarbons. For
example, the mixed gas contains any of C1 to C8 hydro-
carbons. The C1 to C8 hydrocarbons are hydrocarbons with
one or more and eight or less carbon atoms. The C3 to C8
hydrocarbons may be any one of a linear-chain compound,
a side-chain compound, and a ring compound. Further, the
C2 to C8 hydrocarbons may either be a saturated hydrocar-
bon (1.e., 1n which there 1s no double bond and triple bond
in a molecule), or an unsaturated hydrocarbon (i.e., 1n which
there 1s a double bond and/or a triple bond 1n a molecule).
The C1 to C4 hydrocarbons are, for example, methane
(CH,), ethane (C2H,), ethylene (C,H,), propane (C,H,),
propylene (C;H,), normal butane (CH,(CH,),CH,), 1sobu-
tane (CH(CH,),), 1-butene (CH,—CHCH,CH,), 2-butene
(CH,CH—CHCH,), or 1sobutene (CH,—C(CH,),).

The separation apparatus 2 includes the zeolite membrane
complex 1, a sealing part 21, a housing 22, two seal
members 23, a supply part 26, a first collecting part 27, and
a second collecting part 28. The zeolite membrane complex
1, the sealing part 21, and the seal members 23 are placed 1n
the housing 22. The supply part 26, the first collecting part
277, and the second collecting part 28 are disposed outside
the housing 22 and connected to the housing 22.

The sealing part 21 1s members mounted on both ends of
the support 11 in the longitudinal direction (1.e., left-right
direction 1n FIG. 4) and for covering and sealing both end
taces of the support 11 in the longitudinal direction and
portions of the outer peripheral face 1n the vicinity of the end
taces. The sealing part 21 prevents the intlow and outtlow of
gases through the end faces of the support 11. The sealing
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part 21 1s, for example, plate-like members formed of glass
or a resin. The material and shape of the sealing part 21 may
be appropniately changed. Since the sealing part 21 has a

plurality of openings that overlap the through holes 111 of
the support 11, both ends of each through hole 111 of the

support 11 1n the longitudinal direction are not covered by
the sealing part 21. This allows the intlow and outflow of
gases or the like into/from the through holes 111 through
both the ends.

Although there 1s no particular limitation on the shape of
the housing 22, the housing 22 1s, for example, a tubular
member having a substantially circular cylindrical shape.
The housing 22 1s formed of, for example, stainless steel or
carbon steel. The longitudinal direction of the housing 22 1s
substantially parallel to the longitudinal direction of the
zeolite membrane complex 1. One end of the housing 22 1n
the longitudinal direction (i.e., left-side end 1n FIG. 4) has a
supply port 221, and the other end thereof has a first exhaust
port 222. A peripheral face of the housing 22 has a second
exhaust port 223. The supply port 221 1s connected to the
supply part 26. The first exhaust port 222 1s connected to the
first collecting part 27. The second exhaust port 223 1is
connected to the second collecting part 28. The internal
space ol the housing 22 1s a sealed space 1solated from the
space around the housing 22.

The two seal members 23 are disposed around the entire
circumierence between the outer peripheral face of the
zeolite membrane complex 1 and the inner peripheral face of
the housing 22 1n the vicinity of both ends of the zeolite
membrane complex 1 in the longitudinal direction. Fach seal
member 23 1s a substantially circular ring-shaped member
formed of a material impermeable to gases. For example, the
seal members 23 are O-rnings formed of a resin having
flexibility. The seal members 23 are in tight contact with the
outer peripheral face of the zeolite membrane complex 1 and
the inner peripheral face of the housing 22 around the entire
circumierence. In the example 1llustrated in FIG. 4, the seal
members 23 are i tight contact with the outer peripheral
face of the sealing part 21 and are indirectly 1n tight contact
with the outer peripheral face of the zeolite membrane
complex 1 via the sealing part 21. The part between the seal
member 23 and the outer peripheral face of the zeolite
membrane complex 1 and the part between the seal member
23 and the inner peripheral face of the housing 22 are sealed
so as to almost or completely disable the passage of gases.

The supply part 26 supplies a mixed gas to the internal
space of the housing 22 through the supply port 221. For
example, the supply part 26 1s a blower or pump that feeds
the mixed gas toward the housing 22 by pressure-feeding.
The blower or pump includes a pressure regulator that
regulates the pressure of the mixed gas supplied to the
housing 22. The first collecting part 27 and the second
collecting part 28 are, for example, reservoirs that store
gases derived from the housing 22, or blowers or pumps that
feed gases.

In the separation of a mixed gas, the aforementioned
separation apparatus 2 1s provided to prepare the zeolite
membrane complex 1 (step S21). Then, a mixed gas con-
taining a plurality of types of gases having diflerent perme-
ability to the zeolite membrane 12 1s supplied from the
supply part 26 to the internal space of the housing 22. The
pressure (1.e., feed pressure) of the mixed gas supplied from
the supply part 26 into the internal space of the housing 22
1s 1n the range of, for example, 0.1 MPa to 20.0 MPa. The

temperature for separation of the mixed gas is in the range
of, for example, 10° C. to 150° C.
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The mixed gas supplied from the supply part 26 into the
housing 22 1s introduced from the left end of the zeolite
membrane complex 1 in the drawing into each through hole
111 of the support 11 as indicated by an arrow 2351. A gas
having high permeability (in a typical example, hydrogen
sulfide; heremafter referred to as a “high permeability gas™)
in the mixed gas permeates through the zeolite membrane 12
provided on the inner surface of each through hole 111 and
the support 11, and 1s led out from the outer peripheral face
of the support 11. In this way, the high permeability gas 1s
separated from a gas having low permeability (e.g., meth-
ane; hereinafter referred to as a “low permeability gas™) 1n
the mixed gas (step S22). A gas (heremaftter referred to as a
“permeate gas”’) led out from the outer peripheral face of the
support 11 1s collected by the second collecting part 28
through the second exhaust port 223 as indicated by an
arrow 253. The pressure (1.e., permeate pressure) of the gas
collected by the second collecting part 28 through the
second exhaust port 223 1s, for example, approximately one
atmospheric pressure (0.101 MPa).

In the mixed gas, a gas (hereinafter, referred to as “non-
permeate gas™) other than the gas that has permeated
through the zeolite membrane 12 and the support 11 passes
through each through hole 111 of the support 11 from the left
side to the right side in the drawing and is collected by the
first collecting part 27 through the first exhaust port 222 as
indicated by an arrow 232. The pressure of the gas collected
by the first collecting part 27 through the first exhaust port
222 1s, for example, substantially the same pressure as the
feed pressure. In addition to the aforementioned low per-
meability gas, the non-permeate gas may also include the
high permeability gas that has not permeated through the
zeolite membrane 12. The non-permeate gas collected by the
first collecting part 27 may, for example, be circulated to the
supply part 26 and resupplied into the housing 22.

A (hydrogen sulfide)/(methane) separation test was con-
ducted on the zeolite membrane complex of Example 1
using a mixed gas of hydrogen sulfide and methane (1:1
molar ratio), and using the separation apparatus 2. The feed
pressure of the mixed gas was 0.9 MPa, the permeate
pressure was 0.1 MPa, and the temperature was 25° C. As a
result, (hydrogen sulfide permeance)/(methane permeance)
was 5.3. The value of (hydrogen sulfide permeance)/(imeth-
ane permeance) remained nearly constant during the sepa-
ration test for more than 5 hours. Thus, the zeolite membrane
complex of Example 1 was found to be a membrane that was
stably permeable to hydrogen sulfide. On the other hand,
when the (hydrogen sulfide)/(methane) separation test was
conducted on the zeolite membrane complexes of Compara-
tive Examples 1 and 2, the value of (hydrogen sulfide
permeance)/(methane permeance) decreased gradually
according to test time.

As described above, 1n the separation apparatus 2 shown
in FIG. 4, the high permeability gas (1.e., hydrogen sulfide)
1s separated from the mixed gas using the zeolite membrane
complex 1 that 1s selectively permeable to hydrogen sulfide.
It 1s therefore possible to suppress the reduction of the
separation performance of hydrogen sulfide due to the
accumulation of hydrogen sulfide in the membrane, in the
long-time use of the zeolite membrane complex 1 in the
separation apparatus 2. As a result, the low permeability gas
(e.g., methane) can be stably concentrated. Even when the
concentration ol hydrogen sulfide in the mixed gas 1is
relatively high (e.g., 3 mol % or more), the separation
apparatus 2 can approprately separate hydrogen sulfide
from the mixed gas.

10

15

20

25

30

35

40

45

50

55

60

65

16

In the zeolite membrane complex 1, the method of pro-
ducing the zeolite membrane complex 1, the separation
apparatus 2, and the separation method described above,
various modifications can be made.

In the production of the zeolite membrane complex 1, the
process of depositing the seed crystals on the support 11
(FIG. 3: steps S11, S12) may be omitted, and the zeolite
membrane 12 may be directly formed on the support 11 in
step S13. On the other hand, 1n order to easily form a zeolite
membrane 12 with dense zeolite crystal grains, it 1s prefer-
able to deposit seed crystals on the support 11 belfore
forming the zeolite membrane 12.

The zeolite membrane complex 1 may further include a
function layer or a protective layer laminated on the zeolite
membrane 12, additionally to the support 11 and the zeolite
membrane 12. Such a function layer or a protective layer
may be an morganic membrane such as a zeolite membrane,
a silica membrane, a carbon membrane, or the like or an
organic membrane such as a polyimide membrane, a silicone
membrane, or the like. Further, a substance that 1s easy to
adsorb specific molecules may be added to the function layer
or the protective layer laminated on the zeolite membrane
12.

The separation apparatus 2 and the separation method are
particularly suitable for the separation of hydrogen sulfide in
a mixed gas containing hydrogen sulfide and hydrocarbons,
such as biogas, but may also be used for the separation of
hydrogen sulfide 1n a mixed gas containing hydrogen sulfide
and other gases, and may also be used for the separation of
substance other than biogas.

The configurations of the preferred embodiments and
variations described above may be appropriately combined
as long as there are no mutual inconsistencies.

While the mvention has been shown and described in
detail, the foregoing description 1s 1n all aspects illustrative
and not restrictive. It 1s therefore understood that numerous
modifications and variations can be devised without depart-
ing from the scope of the mvention.

INDUSTRIAL APPLICABILITY

The zeolite membrane complex according to the present
invention can be used as a separation membrane for various
substances, an adsorbent membrane for various substances,
or the like 1n various fields 1n which zeolite 1s used.

REFERENCE SIGNS LIST

1 Zeolite membrane complex
2 Separation apparatus

11 Support

12 Zeolite membrane

26 Supply part

S11 to S16, S21, S22 Step

The mnvention claimed 1s:

1. A zeolite membrane complex, comprising;:

a porous support; and

a zeolite membrane provided on said support, said zeolite
membrane being composed of an 8-membered ring
zeolite, wherein

said zeolite membrane contains protons,

said zeolite membrane 1s selectively permeable to hydro-
gen sulfide rather than nitrogen for a gas containing
nitrogen and hydrogen sulfide, and

in temperature-programmed desorption of ammonia mea-
surement for said zeolite membrane, an amount of
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desorbed ammonia 1n a peak temperature range in
which said amount of desorbed ammonia 1s maximum
is 1 umol/cm” or more.

2. The zeolite membrane complex according to claim 1,

wherein

1n said zeolite membrane, a ratio of alkali metal atoms to
oxygen atoms 1s 1 atm % or less.

3. A separation apparatus, comprising:

a housing comprising said zeolite membrane complex
according to claim 1; and

a supply part configured to supply a mixed gas containing,
at least hydrogen sulfide to said housing.

4. The separation apparatus according to claim 3, wherein

said mixed gas contains a hydrocarbon.

5. The separation apparatus according to claim 3, wherein

a concentration of hydrogen sulfide 1n said mixed gas 1s
3 mol % or more.

6. A separation method comprising;:

providing a housing comprising said zeolite membrane
complex according to claim 1;

supplying a mixed gas contaiming at least hydrogen sul-
fide to said housing; and

obtaining a permeate gas comprising hydrogen sulfide.

7. The separation method according to claim 6, wherein

said mixed gas contains a hydrocarbon.

8. The separation method according to claim 6, wherein

a concentration of hydrogen sulfide 1n said mixed gas 1s
3 mol % or more.

9. A method of producing a zeolite membrane complex,

comprising:

forming a zeolite membrane on a porous support with use

of a starting material solution containing a structure-
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directing agent, said zeolite membrane being composed
of an 8-membered ring zeolite;
removing said structure-directing agent from said zeolite

membrane; and

immersing said zeolite membrane 1n a treatment solution
for one hour or more to obtain said zeolite membrane
complex according to claim 1, said treatment solution
being alkaline and substantially free of ammonium
101S.

10. The method of producing a zeolite membrane com-
plex according to claim 9, wherein a pH of said treatment
solution 1s 1n a range of 9.5 to 12.

11. The method of producing a zeolite membrane complex
according to claim 9, wherein

a concentration of alkali metal 1ons 1 said treatment

solution 1s 0.1 mol/L or less.

12. The method of producing a zeolite membrane com-
plex according to claim 9, wherein

said treatment solution contains at least one of silicon and

aluminum.

13. The method of producing a zeolite membrane com-
plex according to claim 12, wherein

a total concentration of silicon and aluminum atoms 1in

sald treatment solution 1s 0.001 mol/L. or more, and said
total concentration 1s less than the concentration in said
starting material solution and 1 mol/L or less.

14. The method of producing a zeolite membrane com-
plex according to claim 9, wherein

said treatment solution contains organic amine or quater-

nary ammonium hydroxide.
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